Arginine has been shown to be essential for the replication of vaccinia virus in HeLa cell cultures. The yield of infective virus was dependent upon the concentration of arginine in the medium, maximum yield being obtained with o'o9 mM-arginine.
INTRODUCTION
Arginine has been shown to be an essential requirement for the replication of certain adenoviruses (Rouse, Bonifas & Schlesinger, 1963; Russell & Becket, 1968; Dubes et al. I969) , herpes simplex virus (Tankersley, I964) , SV4o virus (Goldblum, Ravid & Becker 1968 ), cytomegalovirus I969) and polyoma virus (Winters & Consigli, I969) . A similar requirement has been demonstrated for vaccinia virus (Wells, 1967; Holtermann, 1969; Singer et al. 1970) . This paper describes the role of arginine in the synthesis of macromolecules and the formation of mature virus in HeLa cells infected with vaccinia virus.
METHODS
Virus. The LISTER strain of vaccinia virus was used throughout this work. Infectivity titres were determined by plaque formation in cultures of RK 13 cells.
Cell culture. The laboratory line of HeLa cells used was tested for mycoplasma contamination by inoculation at regular intervals on to suitable media (Hayflick, 1965) . It was not possible to isolate mycoplasma from these cells but, as an additional precaution, all experiments were conducted in the presence of kanamycin sulphate at a concentration of 2o0 #g./ ml. Cell cultures were grown in a modified Eagle's medium containing 2.6 mM-arginine (Birch & Pirt, 1969) . For growth of cells this medium was supplemented with 5 ~ (v/v) calf serum but experimental cultures were maintained in serum-free medium containing 14 raM-HEPES (Williamson & Cox, x968) . Depletion of intracellular pools of arginine was achieved by incubation of cells for ~8 hr in arginine-free maintenance medium.
Radioactive isotopes. The synthesis of DNA in infected and control cultures was followed by incorporation of [~H] thymidine (specific activity, 5"0 c/m-mole), synthesis of RNA by incorporation of [14C]uridine (specific activity, 492 me/m-mole) and protein synthesis by incorporation of [3H]leucine (specific activity, ~5omc/m-mole) or [14C]phenylalanine (specific activity, 475 me/m-mole). Cultures were also labelled with either [14C]arginine (specific activity, 312 mc/m-mole) or guanido[14C]arginine (specific activity, 33"4 mc/mmole). All labelled compounds were obtained from the Radiochemical Centre, Amersham, Buckinghamshire.
Synthesis ofmacromolecules. After depletion of arginine or equilibration in maintenance medium containing a suitable concentration of arginine, confluent monolayers of HeLa cells in test-tubes (~ to 2 x ~o 6 cells/tube) were infected with vaccinia virus suspended in appropriate maintenance medium at a multiplicity of 5 p.f.u./cell. After adsorption for I hr, the inoculum was removed, the monolayer washed with Hank's balanced salt solution and I.O ml. of maintenance medium containing the appropriate labelled precursor was added. At this stage, designated time zero, similar medium was added to uninfected, control cultures. All procedures were carried out at 37 ° . At intervals after infection samples consisting of 5 tubes taken from each series of cultures were frozen rapidly. Cells were disrupted into the maintenance medium by two cycles of thawing and freezing followed by ultrasonic treatment. The contents of the tubes from each sample were pooled and trichloroacetic acid added to Io ~ (w/v) final concentration. The resulting precipitate was washed thoroughly with distilled water and dissolved in Soluene Ioo (Packard Instruments Ltd, Wembley, Middlesex). Resulting solutions were transferred quantitatively to scintillation vials by washing with Bray's scintillation liquid (Bray, ~ 96o) , and radioactivity was determined using a Packard liquid scintillation spectrometer.
Inhibition of DNA synthesis. 5-Fluorodeoxyuridine (FUdR) (a gift from Roche Products
Ltd, Welwyn Garden City, Hertfordshire) was used at a concentration of o.ot mM to inhibit DNA synthesis. This concentration of FUdR completely inhibited the replication of vaccinia virus in the cell system used.
Virus purification. Confluent monolayers of HeLa cells in 40 oz bottles (~ x ~o 8 cells/ bottle) were infected with vaccinia virus at a multiplicity of 5 p.f.u./cell and the virus inoculum adsorbed for 2 hr at 37 °. The inoculum was exchanged for maintenance medium containing either p~C]arginine or guanido[~4C]arginine. After 24 hr incubation at 37 ° the infected cells were shaken into the medium and recovered by centrifugation at ~oo g for 5 min. The cells from each bottle were extracted and the virus purified essentially as described by Joklik (i962). The recovered virus was then layered on preformed potassium tartrate gradients (2o to 6o ~ (w/v)) and then centrifuged in a Spinco SW 5o L rotor at I3o,ooo g for 9o min. The purified virus was recovered from the gradients after fractionation by upward displacement.
RESULTS

Effect of arginine deprivation on the formation of infective virus
Growth curves were obtained from vaccinia-infeeted cultures maintained in the complete absence of arginine or in medium containing ~-o mM-arginine ( Fig. I) . In the presence of arginine, progeny virus was first detectable at 5 hr after infection. Infective progeny virus was not recovered from the arginine-deprived cultures even after incubation for a total of 48 hr. However, addition of I-o mM-arginine to such cultures at 24 hr after infection IP: 54.70.40.11
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25I resulted in normal growth of virus. These results indicated that arginine deprivation did not irreversibly affect the ability of the cells to support virus replication.
Further experiments showed that the yield of virus measured at I8 hr after infection depended on the concentration of arginine supplied in the medium (Table 0 . However, the rate of production of infective progeny virus was independent of the arginine concentration. A concentration of o'o9 mM-arginine was found to be sufficient for maximum virus yield. The importance of omission of serum from the maintenance medium was shown by the observation that, under conditions of partial arginine deprivation, 2 ~oo (V/V) calf serum had a virus growth-promoting effect equivalent to o'o3 mM-arginine. 
Effect of arginine deprivation on the synthesis of DNA
Incorporation of [3H]thymidine was measured in the presence of media containing o-o2 mM-concentrations of the nucleosides adenosine, guanosine, cytidine, thymidine and uridine. In the presence of 1.o mM-arginine there was a marked stimulation of DNA synthesis between 2 and 4 hr after infection compared with uninfected cultures. In the absence of arginine, DNA synthesis was greatly reduced, although incorporation into infected cultures was still higher than into control cultures (Fig. 2) . The amount of DNA synthesis occurring in the infected cells between 2 and 4 hr after infection was reduced by 93 ~ on deprivation of arginine.
Effect of arginine deprivation on RNA synthesis
Experiments investigating the incorporation of [14C]uridine were performed again in the presence of media containing 0-o2 mM concentrations of nucleosides. Incorporation into infected cultures in the presence of ~.o mM-arginine was reduced greatly after 3½ hr compared with controls: deprivation of arginine produced further reductions in both (Fig. 3) . From 3 hr after infection there was negligible incorporation into arginine-starved, infected cells. 
Effect of arginine deprivation on protein synthesis
Protein synthesis was followed in infected and control cells using [3H]leucine. Infection in the presence of ~.o mM-arginine reduced the rate of incorporation compared with control cultures (Fig. 4 ). There was negligible protein synthesis in cells lacking arginine. A similar pattern of results was obtained measuring incorporation of [14C]phenylalanine. Results obtained showed a marked increase in the rate of incorporation of arginine by infected cells within 50 min. of first exposing cultures to virus (Fig. 5 ). Following this very early stimulation, the rate of incorporation declined rapidly while incorporation into control cultures remained relatively constant throughout. A further, reproducible stimulation of incorporation into infected cultures was observed at 3 hr after infection. Essentially similar results were obtained with guanido[14C]arginine. 
Rate of incorporation of arginine following infection
Incorporation of arginine into mature virus particles
Purified virus prepared from infected HeLa cells grown in the presence of either uniformly labelled [l~C]arginine or guanido[a4C]arginine was centrifuged in potassium tartrate gradients. After centrifugation fractions from the gradients were examined for both infectivity and radioactivity (Fig. 6) . In both cases the single peaks of infectivity and radioactivity were coincident. However, consideration of the amounts of radioactivity incorporated and the specific activities of the radioactively labelled arginine preparations supplied indicated that a greater number of labelled molecules were incorporated into virus particles from the uniformly labelled arginine preparation than from the guanido-labelled preparation.
Quantitative effects of the delayed addition of arginine on the production of infective virus
Infected cell cultures were maintained in media containing a growth-limiting concentration of either o.oi 5 or o'o3 mM-arginine. At 6 hr after infection, the arginine concentration in some cultures from each series was increased by the further addition of o.o6 mM-arginine. Additionally, infected cultures were maintained throughout the experiment in medium initially containing o.o6 mM-arginine. Cultures were sampled periodically and infective virus titrated.
In the presence of o'oi5 mM-arginine no progeny virus was produced, but further addition of o.o6 mM-arginine at 6 hr after infection permitted virus growth to titres greater than those in cultures maintained in medium initially containing this higher concentration of arginine (Fig. 7) . Infective progeny virus first appeared within 2 hr after supplying additional arginine to the cultures. Similarly, the addition of o-o6 mM-arginine at 6 hr after infection to cultures maintained previously in medium initially containing o'o3 mM-arginine resulted in an increased yield of infective virus compared to that from cultures maintained in medium initially containing the higher concentration. This additional yield was produced without delay and was not affected by the simultaneous addition of o-oi mM-FUdR. In further experiments in which arginine was added at 6 hr after infection to cultures maintained in its absence, infective progeny virus was not detected until 5 hr after the addition of arginine, a lag similar to that observed following the infection of cultures maintained in complete medium.
DISCUSSION
The results obtained from the present study confirm the previous observation (Wells, I967; Holtermann, I969; and Singer et al. I97o ) that arginine is an essential requirement for the growth of vaccinia virus. In the complete absence of arginine there was no production of infective virus. A quantitative relationship was demonstrated between the concentration of arginine present in the medium and the yield of infective virus, maximum yield of virus being obtained in the presence of o'o9 mM-arginine.
Further experiments investigated changes in the synthesis of DNA, RNA and protein after infection of cultures deprived of arginine. Cultures infected in the presence of complete medium showed a marked stimulation of DNA synthesis beginning z hr after infection. This effect has been shown to be due to virus-specified DNA synthesis (Joklik & Becker, ~964) . In the absence of arginine, however, there was no stimulation of DNA synthesis, and in both infected and control cultures overall DNA synthesis was greatly reduced. These results differ markedly from those obtained with cultures infected with adenovirus type z (Rouse & Schlesinger, ~967) and with herpes simplex virus (Becker, Olshevsky & Levitt, I967) in which DNA synthesis proceeded normally in the absence of arginine. Lack of arginine was also shown to result in a suppression of both RNA and protein synthesis. During the first 2 hr after infection, after which time virus-specified DNA synthesis would normally commence, RNA synthesis was reduced by 82 ~ and protein synthesis by 86 ~ compared with cultures infected in the presence of arginine. It has been shown that during this period synthesis of virus messenger RNA coding for enzymes specifically associated with virus DNA synthesis occurs in normally infected HeLa cells (Becker & Joklik, 1964) . Apart from synthesis of these specific enzymes, a further requirement for the synthesis of protein associated stoichiometrically rather than catalytically with virus DNA synthesis has been demonstrated (Kates & McAuslan, 1967) . It is concluded, therefore, that in the system described reduction of virus-specified DNA synthesis in the absence of arginine resulted from earlier reductions in RNA and protein synthesis. The requirement for arginine in the early events of the vaccinia virus replication cycle is further emphasized by the increased rate of arginine incorporation immediately following virus infection. The increased rate of arginine incorporation at 3 hr after infection may represent the synthesis of argininerich basic protein perhaps associated with virus DNA.
The further utilization of arginine in the formation of complete virus particles was demonstrated by preparing purified virus from cultures labelled with guanido[l~C]arginine or uniformly labelled [14C]arginine. In both instances the radioactivity was associated with the mature virus particles, indicating that arginine is incorporated into structural proteins. The presence of arginine in vaccinia virus has been directly demonstrated (Turner & Kaplan, I968) . However, conaparison of the amounts of radioactivity incorporated from the two differently labelled arginine preparations showed that some of the arginine is metabolized before incorporation of the label. Although protein synthesis in cultures infected in the absence of arginine was markedly suppressed, formation of certain virus antigens was detected by serological methods (unpublished results). Production of some virus antigens in vaccinia virus-infected cultures in which DNA synthesis was inhibited has been previously demonstrated (Baxby & Rondle, ~968) . These changes in protein synthesis in infected cultures deprived of arginine should be compared with the replication of adenovirus in the absence of arginine. Although quantitative differences were shown, the full complement of adenovirus structural proteins was produced (Rouse & Schlesinger, ~ 967) with the exception of an arginine-rich protein functioning as a maturation factor (Russell & Becket, r968 ) . Similarly, in cultures infected with herpes simplex virus some virus-specified proteins have been demonstrated, but occurring primarily in the cytoplasm (Courtney, 197o) . However, the overall rate of protein synthesis was reduced and the virus DNA formed remained susceptible to DNase (Becker et al. I967) .
The requirement for arginine in the vaccinia replication cycle can be resolved into two distinct stages. The first requirement occurs before synthesis of virus DNA and the second requirement is associated with the formation of mature virus particles. These conclusions are further supported by the quantitative effect of the delayed addition of arginine on the growth of vaccinia virus. In cultures infected in the presence of arginine progeny virus first appeared at 5 hr after infection. A similar lag was observed after the addition of arginine to cultures infected for 6 hr in its absence and must reflect the requirement for synthesis of virus DNA before formation of infective progeny virus. However, the yield of virus from cultures initially infected in the presence of growth-limiting concentrations of arginine was increased without further delay on raising the arginine concentration at 6 hr after infection. This increase was not affected when further DNA synthesis was inhibited by simultaneous addition of FUdR. Thus, under the experimental conditions described, events in the virus replication cycle following synthesis of virus DNA also showed a quantitative dependence on the availability of arginine.
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